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Edited by Christian GriesingerAbstract Glutathione transferases (GSTs) play important roles
in stress tolerance and detoxiﬁcation in plants. However, there is
extremely little information on the molecular characteristics of
GSTs in gymnosperms. In a previous study, we cloned a s class
GST (PtGSTU1) from a gymnosperm (Pinus tabulaeformis) for
the ﬁrst time. Based on the N-terminal amino acid sequence iden-
tity to the available crystal structures of plant s GSTs, Ser13,
Lys40, Ile54, Glu66 and Ser67 of PtGSTU1 were proposed as
glutathione-binding (G-site) residues. The importance of Ser13
as a G-site residue was investigated previously. The functions
of Lys40, Ile54, Glu66 and Ser67 of PtGSTU1 are examined
in this study through site-directed mutagenesis. Enzyme assays
and thermal stability measurements on the puriﬁed recombinant
PtGSTU1 showed that substitution at each of these sites signif-
icantly aﬀects the enzymes substrate speciﬁcity and aﬃnity for
GSH, and these residues are essential for maintaining the stabil-
ity of PtGSTU1. The results of protein expression and refolding
analyses suggest that Ile54 is involved in the protein folding pro-
cess. The ﬁndings demonstrate that the aforementioned residues
are critical components of active sites that contribute to the en-
zymes catalytic activity and structural stability.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Glutathione transferases (GSTs; EC 2.5.1.18) are a family of
multi-functional enzymes that catalyze glutathione (GSH) con-
jugation to a variety of structurally diverse electrophilic com-
pounds of xenobiotic and endobiotic origin. GSTs are
soluble proteins with typical molecular masses of around
50 kDa, each of which is composed of two polypeptide sub-
units [1]. Each subunit has the same protein folding pattern
and contains two distinct domains. The N-terminal domain
adopts an a/b topology and contributes most of the contacts
to GSH. The C-terminal domain is all a-helical and provides
most of the amino acid residues of the hydrophobic substrateAbbreviations: GST, glutathione transferase; GSH, glutathione; CD-
NB, 1-chloro-2,4-dinitrobenzene; IPTG, isopropyl-b-D-thiolactopyr-
anoside; NBD-Cl, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole; ECA,
ethacrynic acid; 4-NPA, 4-nitrophenyl acetate; SDS–PAGE, sodium
dodecyl sulfate–polyacrylamide gel electrophoresis
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doi:10.1016/j.febslet.2005.03.086binding site (H-site), which lies adjacent to the GSH-binding
site (G-site) [2–6]. The catalysis of nucleophilic aromatic sub-
stitution reactions can be divided into several steps, including
substrate binding to the enzymes active site, activation of
GSH by deprotonation of the thiol to form the nucleophilic
thiolate anion and nucleophilic attack by the thiolate at the
substrates electrophilic center [7,8].
Based on amino acid identity, immunological cross-reactivity
and substrate speciﬁcity data, the plant GSTs are typically di-
vided into four classes (/, s, f and h) [9]. The f and h GSTs are
found both in plants and animals, but the large s and / GSTs
are unique to plants [10]. Recently, it has been shown that plant
s class GSTs could protect cells from a wide range of biotic and
abiotic stresses, including pathogen attack, xenobiotic and hea-
vy metal toxins, oxidative stress and UV radiation [10–14]. De-
spite the important roles of the s class GSTs in plant stress
tolerance few studies have been conducted on the catalyticmech-
anisms of this GST family. In addition, there is extremely little
information on themolecular characteristics ofGSTs in gymno-
sperms. Examinations of the enzyme structure and function of
the residues in the critical domain sites are needed to elucidate
the catalytic mechanisms and functions of this GST family.
In a previous study, we cloned a s class GST (PtGSTU1)
from a gymnosperm (Pinus tabulaeformis) for the ﬁrst time
[15]. PtGSTU1 showed high activity towards the substrates
CDNB and ethacrynic acid (ECA) compared to other plant s
class GSTs. The predicted tertiary structure of PtGSTU1 is
similar to that of wheat s GST TaGSTU4 and rice s GST
OsGSTU1 (Protein Data Bank code Nos. 1gwc and 1oyj,
respectively). Based on the N-terminal amino acid sequence
identity and crystal structures of TaGSTU4 and OsGSTU1,
we proposed that Ser13, Lys40, Ile54, Glu66 and Ser67 of PtG-
STU1 are active residues of the GSH-binding site. A mutagen-
esis experiment previously carried out showed that Ser13 is a
critical residue of the G-site, since substitution of this residue
abolished the enzymes activity towards diﬀerent substrates
[15]. In this study, we examined the importance of the other
residues of PtGSTU1 mentioned above (Lys40, Ile54, Glu66
and Ser67) in the enzymes catalysis and GSH binding. This
study provides basic information on the biochemical and struc-
tural properties of the proposed G-site residues.2. Materials and methods
2.1. Site-directed mutagenesis
Site-directed mutagenesis of PtGSTU1 was performed by two-round
PCR, using P. tabulaeformis cDNA encoding PtGSTU1 in the
pET30a/PtGSTU1 plasmid [15] as a template. All the mutagenesisblished by Elsevier B.V. All rights reserved.
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with two pairs of primers, the BamHI forward primer (BamHI-F: 5 0-
TATAGGATCCATGGAGAATCAGGTTAA-3 0, BamHI site under-
lined) with a mutagenic reverse primer, and a mutagenic forward
primer with the HindIII reverse primer (HindIII-R: 5 0-
TACTAAGCTTTTATCAGTCAGAGCCAACAA-30, HindIII site
underlined). The PCR reaction mixtures contained 10 pmol of each
primer, 1U of pfx Taq DNA polymerase (Invitrogen Life Technolo-
gies, USA), 0.3 mM of each dNTP (Amersham Pharmacia Biotech,
USA), 1 mM MgSO4 and 1–3 ng of template DNA in a volume of
50 ll. PCR conditions were optimized to consist of an initial denatur-
ation of 2 min at 94 C, followed by 30 cycles of 15 s at 94 C, 30 s at
55 C and 60 s at 68 C, and a ﬁnal extension of 2 min at 68 C. The
PCR products were puriﬁed with a GFX PCR DNA and Gel Band
Puriﬁcation Kit (Amersham Pharmacia Biotech, USA). The ﬁrst-
round PCR was designed to produce two slightly overlapping segments
of a speciﬁc mutant. These two overlapping PCR products were used
as the templates in the second-round PCR using the BamHI-F and
HindIII-R primers. The PCR reaction conditions were the same as
above. The desired DNA fragment from the second-round PCR was
recovered from a 1% agarose gel using a GFX PCR DNA and Gel
Band Puriﬁcation Kit (Amersham Pharmacia Biotech). The puriﬁed
DNA fragment was digested with BamHI and HindIII, and subcloned
into the plasmid expression vector pET30a (Novagen, Madison, WI)
previously cut with the same restriction enzymes. The resultant plas-
mids were used to transform Escherichia coli BL21. All mutants were
conﬁrmed by BigDye (Applied Biosystems, Foster City, CA) termina-
tor cycle sequencing.
2.2. Expression and puriﬁcation of recombinant PtGSTU1 and mutants
An overnight culture of E. coli BL21 containing the recombinant
pET30a plasmid was diluted 1:100 and grown until the optical density
(A600) reached 0.5. IPTG was added to the culture at a ﬁnal concentra-
tion of 0.1 mM and incubation was continued for a further 8 h at
25 C. Bacteria were harvested by centrifugation at 6500 · g for
10 min at 4 C, resuspended in binding buﬀer (20 mM sodium phos-
phate, 0.5 M NaCl, 20 mM imidazole, pH 7.0), and disrupted by cold
sonication. The homogenate was then subjected to centrifugation at
10000 · g for 10 min at 4 C. The resultant particulate material and
a small portion of the supernatant were analyzed by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE). The rest of
the supernatant was loaded onto a Ni Sepharose High Performance
column (Amersham Pharmacia Biotech) that had been pre-equili-
brated with binding buﬀer. The over-expressed protein that bound to
the Ni Sepharose High Performance column was eluted with elution
buﬀer (20 mM sodium phosphate, 0.5 M NaCl and 500 mM imidazole,
pH 7.0). The puriﬁed recombinant protein was desalted using a PD-10
column (Amersham Pharmacia Biotech) in 10 mM Tris–HCl buﬀer,
pH 7.0.
2.3. Enzyme assays
GST activities towards CDNB, ECA and 4-nitrophenyl acetate (4-
NPA) were measured as described by Habig et al. [16], and activity to-
wards 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-Cl) as described
by Ricci et al. [17]. All assays were carried out at 25 C. The protein
concentrations were calculated by the method of Lowry et al. [18].
The apparent Km and Vmax values for GSH were determined using aTable 1
Primers used in site-directed mutagenesis
Primer Sequence (5 0–3 0)
K40A-F GCGAGTGAATTGTTATTGAAAA
K40A-R TTTTCAATAACAATTCACTCGCGGAGGGCAGATTCTCTTCTT
I54A-F GCACCAGTACTCATCCACAAT
I54A-R ATTGTGGATGAGTACTGGTGCCTTCTTGTGAATAGGATT-
CATTTT
E66A-F GCGTCTCTCATCATAGTTGAATAC
E66A-R GTATTCAACTATGATGAGAGACGCCAAGACAGGCTTGTCA-
TTGTG
S67A-F GAGGCTCTCATCATAGTTGAATAC
S67A-R GTATTCAACTATGATGAGAGCCTCCAAGACAGGCTTGTCAT
The substituted nucleotides are underlined.
F, forward primer; R, reverse primer.GSH range from 0.1 to 1 mM and a ﬁxed CDNB concentration of
1 mM. The apparent Km and Vmax values for CDNB were determined
using a CDNB range from 0.1 to 1 mM and a ﬁxed GSH concentration
of 1 mM. Data were plotted as double-reciprocal Lineweaver–Burk
plots to determine the apparent Km and Vmax values.
2.4. Thermal stability, refolding experiments and circular dichroism
analysis
A refolding experiment was performed after the enzymes were dena-
tured in denaturation buﬀer (4 M guanidinium chloride, 0.1 M phos-
phate and 1 mM EDTA, pH 6.5) at 25 C for 30 min. The denatured
protein was rapidly diluted (1:40) in renaturation buﬀer (0.1 M phos-
phate and 1 mM EDTA, pH 6.5), and recovered activity towards the
substrate CDNB was monitored 10 min later.
Thermal stability measurements of the wild-type and mutant en-
zymes (0.45 mg/ml in 10 mM Tris–HCl, pH 7.0) were carried out by
incubating the samples for 15 min at various temperatures from 25
to 65 C at 5 C intervals. GST activity towards CDNB was deter-
mined at the end of each incubation.
Circular dichroism (CD) spectra in the far-UV region from 190 to
250 nm were recorded with a Jasco-810 spectropolarimeter. The
wild-type and mutant enzymes at a concentration of 0.45 mg/ml, in
10 mM Tris–HCl, pH 7.0, were scanned at least ﬁve times and the
resulting values were averaged. The temperature of the sample com-
partment was maintained at 20 C with a circulating-water bath. Each
spectrum was corrected by subtracting the corresponding blank.
2.5. Structure modeling
To generate structural models, amino acid sequences were submitted
to SwissModel [19] using the First Approach Method set at default
parameters. A homology model was generated using the known X-
ray structures of the wheat TaGSTU4 and rice OsGSTU1 (Protein
Data Bank code Nos. 1gwc and 1oyj, respectively) as templates.
Swiss-Pdb viewer version 3.7 was used to generate a three-dimensional
image.3. Results
3.1. Identiﬁcation of the GSH-binding sites of the PtGSTU1
In a previous report [15], we showed that Ser13 of the PtG-
STU1 is a catalytic residue responsible for stabilization of the
thiolate anion of enzyme-bound GSH. A multiple sequence
alignment of the N-terminal protein sequence of the plant s
class GST is shown in Fig. 1. The Ser13, Lys40, Ile54, Glu66
and Ser67 residues of PtGSTU1 (alignment positions 17, 44,
58, 70 and 71 in Fig. 1, respectively) are highly conserved in
plant s GSTs. Crystal structure data of the wheat s GST TaG-
STU4 [10] and rice s GST OsGSTU1 show that these ﬁve ami-
no acid residues directly interact with the GSH. The predicted
three-dimensional structure of PtGSTU1 is similar to that of
TaGSTU4 and OsGSTU1, especially in the N-terminal do-
main [15]. The ﬁve aforementioned residues of PtGSTU1 cor-
respond to the G-site residues in TaGSTU4 (Fig. 2A). Thus,
site-directed mutagenesis was performed on these residues to
investigate their catalytic properties.
3.2. Protein expression and puriﬁcation
The Lys40, Ile54, Glu66 and Ser67 residues of PtGSTU1
were individually replaced with alanine. DNA sequencing con-
ﬁrmed that all of the desired mutants were successfully gener-
ated. Protein expression showed that the mutants E66A and
S67A were expressed mainly as insoluble proteins in E. coli
BL21 at 37 C, while the mutant K40A and the wild-type were
expressed mainly as soluble proteins and the mutant I54A dis-
tributed almost equally between soluble and insoluble forms.
When the induction temperature was lowered to 25 C, the
Fig. 1. N-terminal amino acid sequence alignment of the plant s class GSTs. a Helices and b strands are represented as helices and arrows,
respectively. The G-site of PtGSTU1 is marked with m. This sequence alignment was created using the following sequences: PtGSTU1 (Pinus
tabulaeformis), TaGSTU4 (Aegilops tauschii), OsGSTU1 and OsGSTU4 (Oryza sativa), ZmGSTU1 (Zea mays), MpGSTU1 (Malva pusilla),
LeGSTU3, LeGSTU2, LeGSTU5 and BI-GST (Lycopersicon esculentum), CmGSTU2, CmGSTU1 and CmGSTU3 (Cucurbita maxima) and
AtGSTU24 (Arabidopsis thaliana); GenBank Accession Nos. AAT69969, 1GWCA, 1OYJ_D, AAQ02686, CAA73369, AAO61854, AY007560,
AY007559, AY007562, AAF22647, BAC21262 BAC21261, BAC21263, and AAD50016, respectively.
Q.-Y. Zeng, X.-R. Wang / FEBS Letters 579 (2005) 2657–2662 2659mutants K40A, I54A, E66A and the wild-type were expressed
mainly as soluble proteins. However, the mutant S67A became
equally distributed between soluble and insoluble forms.
After puriﬁcation, all recombinant proteins showed a single
band and had identical mobility in SDS–PAGE, correspond-
ing to approximately 31 kDa (Fig. 3); the calculated molecular
weight of the recombinant PtGSTU1 subunit (including the
His-tag). The molecular weight of all the puriﬁed recombinant
proteins was estimated to be approximately 60 kDa according
to Sephadex G-75 gel ﬁltration (results not shown). Thus, the
wild-type and all the mutants were considered to be homodi-
mers. The proteins were stable for at least 2 weeks at 4 C with
no evidence of aggregation or loss of activity.
3.3. Substrate speciﬁcity
The speciﬁc activities measured for the wild-type and all the
mutants towards various substrates are listed in Table 2. A
dramatic reduction in activity towards the substrate CDNB
was found when Lys40, Glu66 and Ser67 were replaced with
alanine; only 5% of the wild-type activity being retained. The
mutant I54A, however, retained 50% of wild-type activity to-
wards this substrate. The mutants K40A, E66A, S67A and
the wild-type showed similar activities towards the substrate
ECA. In contrast, the mutant I54A had 3.5-fold greater activ-
ity than the wild-type towards ECA. When using NBD-Cl as a
substrate, the mutant K40A retained 95% of the wild-type
activity, while E66A, I54A and S67A retained only about
30% of the wild-type activity. None of the mutants revealed
any activity towards the substrate 4-NPA.
3.4. Kinetic characterization of the mutants and wild-type
The kinetic parameters determined by steady-state kinetic
analysis are listed in Table 3. All the mutants showed low aﬃn-
ity (higher Km) and catalytic eﬃciency (kcat/Km) towards the
substrate GSH. About 7- and 6-fold higher KGSHm values were
observed for the mutants K40A and E66A compared to the
wild-type, respectively. The mutants I54A and E66A showed
increased Km values and low catalytic eﬃciencies towards the
substrate CDNB. The mutants K40A and S67A had similar
KCDNBm values to the wild-type, but their catalytic eﬃciencies
were 15- and 19-fold lower than that of the wild-type, respec-tively. This reduction was caused by the much lower kCDNBcat val-
ues in the mutants than that of the wild-type. Interestingly,
although the mutant I54A had low aﬃnity towards GSH
and CDNB, it gave higher turnover numbers (kcat), and thus
had higher catalytic eﬃciencies, than any of the other mutants.
3.5. Structural changes
The thermal stabilities of the wild-type and mutant enzymes
are shown in Fig. 4. All the mutants were completely inacti-
vated at 60 C, whereas the wild-type retained 41% of its initial
activity. The E66A and S67A mutants were most unstable and
retained only about 15% of their initial activity at 50 C,
whereas K40A and I54A retained 62% of their initial activity,
and the wild-type retained 95% of its initial activity. Thus, all
the mutants were more thermolabile than the wild-type. This
suggests that all the mutated sites contributed to the stability
of the PtGSTU1.
In the refolding experiment, the reactivation yield of the
K40A and S67A mutants and the wild-type were similar.
The E66A mutant had a higher reactivation velocity and the
I54A mutant a 3-fold lower reactivation velocity than the
wild-type (Table 4).
Diﬀerences in secondary structure between the mutants and
the wild-type were investigated by far-UV CD spectroscopy.
As shown in Fig. 5, the CD proﬁles revealed no signiﬁcant dif-
ferences in secondary structures between the wild-type and mu-
tant enzymes.4. Discussion
Based on the X-ray structures of the wheat s GST TaG-
STU4 and rice s GST OsGSTU1 we suggested that Ser13,
Lys40, Ile54, Glu66 and Ser67 of PtGSTU1 are G-site resi-
dues. The role of Ser13 as a critical residue of the G-site has
been previously demonstrated [15]. The importance of the
Lys40, Ile54, Glu66 and Ser67 residues of PtGSTU1 in cataly-
sis and GSH binding were investigated in this study.
After replacing Lys40 of PtGSTU1 by alanine, the mutant
K40A was expressed as a soluble protein at diﬀerent tempera-
tures. The refolding experiment showed it had a recovery
Table 2
Speciﬁc activities of the wild-type and mutants of PtGSTU1 towards
diﬀerent substrates
GST Speciﬁc activity (lmol/min per mg)
CDNB ECA NBD-Cl 4-NPA
Wild-type 22.50 ± 1.43 1.77 ± 0.29 5.27 ± 0.33 0.05 ± 0.01
K40A 1.25 ± 0.16 1.51 ± 0.18 5.02 ± 0.25 <0.01
I54A 11.31 ± 1.35 6.17 ± 0.64 1.91 ± 0.10 <0.01
E66A 1.22 ± 0.21 2.23 ± 0.11 1.75 ± 0.19 <0.01
S67A 1.04 ± 0.15 1.57 ± 0.28 1.34 ± 0.09 <0.01
The values shown are means ± S.D., calculated from three replicates.
Fig. 2. (A) Structural comparison of G-site residues in TaGSTU4 and
PtGSTU1. (B) Schematic diagram of the interactions between GSH
and the G-site residues of PtGSTU1.
Fig. 3. SDS–PAGE electropherogram of the puriﬁed wild-type and
mutants of PtGSTU1. Lane 1, molecular mass markers with the sizes
shown on the left in kilodaltons; lanes 2–6, wild-type, K40A, I54A,
E66A and S67A, respectively.
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not involved in the protein folding process. The crystal struc-
tures of TaGSTU4 and OsGSTU1 show that the side chain
of the amide nitrogen of this Lys residue forms a hydrogen
bond with the carboxylate oxygen atom of the Gly residue of
GSH. Removing the side chain of Lys40 in PtGSTU1 would
prevent formation of the hydrogen bond between Lys40 and
GSH (Fig. 2B). Thus, the mutant K40A showed very low aﬃn-
ity towards GSH.
The mutant I54A showed a 4-fold lower aﬃnity towards
GSH and CDNB than the wild-type (Table 3), demonstrating
the importance of Ile54 in the catalytic activity of PtGSTU1.
The refolding experiment showed the recovered activity
of the I54A mutant was 3-fold lower than that of the wild-type,
indicating that Ile54 plays a role in the folding process of PtG-
STU1. Ile54 is located in the loop connecting the a-helix 2 to b-
strand 3 in the N-terminal domain (Fig. 2). This loop has been
demonstrated to play important roles in the recognition and
orientation of GSH [20]. Pro55, a neighboring residue of
Ile54, is highly conserved in all the plant GST classes [15],
and is important for the proper folding and packing of G-site
substructures [20]. Removing the side chain of the Ile54 residue
may alter the conformation of Pro55 and the loop structure
connecting the a-helix 2 to b-strand 3. These changes would
have an impact on the structure of the G-site and the folding
process of PtGSTU1. An interesting ﬁnding was that I54A
had a 3.5-fold greater activity than the wild-type towards the
substrate ECA (Table 2), indicating that the I54A substitution
changed the substrate speciﬁcity of PtGSTU1. One possibility
is that the side chains of Ile54, Trp11, Phe15 and Leu37 inter-
act with each other and form a hydrophobic core, which con-
tributes to the binding of the electrophiles. Substitution of
Ile54 with alanine may impair the interactions among Trp11,
Phe15, Leu37 and Ile54, and alter the hydrophobic core. The
new conformation of the hydrophobic core seems to promote
the binding of ECA to PtGSTU1.
Glu66 and Ser67 (alignment positions 70 and 71) of PtG-
STU1 are conserved in all the plant sGSTs (Fig. 1). The refold-
ing experiment showed that the recovered activity of mutant
E66A was double that of the wild-type (Table 4). A possible
explanation for this ﬁnding is that since Glu66 is located at
the dimer interface of the enzyme, removing its polar side chain
may promote the hydrophobic interactions between the two
monomers, allowing the mutant E66A to form dimers more
readily than the wild-type. The predicted structure of PtGSTU1
shows that b-strand 4 is connected to a-helix 3 via Glu66–Ser67
(Fig. 2), forming a b/amotif. Removing the side chains of Glu66
and Ser67 may alter the b3/a4 motif and result in a thermolabile
conformation. This hypothesis is supported by the more ther-
molabile character of the mutants E66A and S67A (Fig. 4).
Table 3
Steady-state kinetic constants of the wild-type and mutants of PtGSTU1
GST GSH CDNB
Km
(mM)
Vmax
(lM/min/mg)
kcat
(min1)
kcat/Km
(mM1 min1)
Km
(mM)
Vmax
(lM/min/mg)
kcat
(min1)
kcat/Km
(mM1 min1)
Wild-type 0.76 ± 0.13 182.2 ± 22.1 404.9 532.8 0.47 ± 0.06 174.9 ± 16.7 388.7 827.0
K40A 4.96 ± 0.26 46.0 ± 4.5 102.2 20.6 0.57 ± 0.09 14.0 ± 1.2 31.1 54.6
I54A 3.13 ± 0.15 128.4 ± 12.4 285.3 91.1 1.89 ± 0.06 90.9 ± 7.5 202.0 106.9
E66A 4.23 ± 0.23 29.1 ± 2.3 64.7 15.3 0.89 ± 0.08 8.8 ± 0.9 19.6 22.0
S67A 1.42 ± 0.14 13.4 ± 1.7 29.8 21.0 0.48 ± 0.04 9.5 ± 1.3 21.1 44.0
Data are means ± S.D., calculated from three replicates.
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Fig. 4. Thermal stability of the wild-type and mutants of PtGSTU1,
based on the retention of enzymatic activity towards the substrate
CDNB following heat treatment.
Table 4
Recovered activity following denaturation and refolding of the wild-
type and mutants of PtGSTU1 towards the substrate CDNB
GST Recovered activity (%)
Wild-type 25.42
K40A 20.51
I54A 8.51
E66A 51.68
S67A 34.33
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Fig. 5. Far-UV CD spectra of the wild-type and mutants of PtGSTU1.
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(Fig. 2B). Replacing Glu66 and Ser67 with alanine would re-
move the hydrogen bonds between GSH and Glu66–Ser67,
which in turn would aﬀect the conformation of the GSH-bind-
ing pocket and the interactions of the enzyme with GSH. The
low aﬃnity and catalytic eﬃciency of the mutants observed to-
wards the substrate GSH, and their low activity towards CDNB
andNBD-Cl, suggest that Glu66 and Ser67 play key roles in the
GSH binding and catalytic function of PtGSTU1.
In conclusion, the results of this study demonstrate that
Lys40, Ile54, Glu66 and Ser67 of PtGSTU1 are active residues
of the GSH-binding site. Mutations of these residues induced
signiﬁcant changes in the enzymes activity, substrate speciﬁc-
ity and thermal stability. Moreover, Ile54 is involved in the
protein folding process. Thus, these G-site residues contribute
not only to various catalytic steps, but also to the structural
stability of PtGSTU1.
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